The double-capped 26S proteasome complex is viewed as a symmetrical particle. Results: The ubiquitin receptor subunit Rpn13 is found in an asymmetrical ratio. Conclusion: Rpn13 ubiquitin receptor may dictate preference in substrate recruitment and processing. Significance: The ubiquitin receptor Rpn13 defines asymmetry and thus imposes directionality in the 26S proteasome.
teolytic active sites are located on the ␤-rings, facing the lumen of the barrel, sequestered from the bulk solution (1, 2) . The gated channel in the ␣-ring through which substrates enter the 20S particle is narrow (ϳ15 Å) (3), thus constricting entry only to unfolded polypeptides. Consequently, a globular substrate must undergo unfolding by the ATPases of the 19S complex (Rpt1-6) prior to translocation and digestion within the 20S particle.
Orchestrated transcription of proteasomal subunits has been shown to be mediated by a single transcription factor both in yeast and mammals (4 -6) . Yet, this mode of regulation is subject for additional regulatory steps such as transcript stability, translation, post-translational modifications, and protein stability. Accordingly, additional regulation at the protein level must ensure the accurate ratio of proteasomal subunits.
Proteasomal assembly is an orderly process requiring dedicated chaperones (7) (8) (9) . This process progresses through defined intermediates as exemplified in the assembly of the hexameric ATPase ring (Rpt1-6). The process initiates by formation of three dimers of specific Rpt subunits and is guided by three chaperones (9) . Hexamerization serves as a platform for 19S RP assembly and can be thus regarded as an initiating step in this process (7) (8) (9) . Final steps of RP assembly entail the incorporation of the two proteasomal resident ubiquitin receptors. S5a/Rpn10 was the first ubiquitin-binding proteasomal subunit to be discovered (10, 11) and was shown to bind ubiquitin chains through an ubiquitin-interacting motif. Because inactivation of this subunit (in yeast) had almost no phenotype (11) , researchers looked for additional subunits. Subsequently, another subunit of the 19S complex, Rpn13/ADRM1, which docks to Rpn2 through its N-terminal domain, was also shown to bind lysine 48-based polyubiquitin chains (12, 13) . Interestingly, although both ubiquitin and proteasomes are essential, the inactivation of Rpn10 and Rpn13 in yeast does not appear to be lethal. Rather, a synthetic phenotype results when mutations that affect the ubiquitin binding sites of Rpn10 and Rpn13 are combined, suggesting a functional linkage between these two ubiquitin receptors (12) . Prior studies have implicated Rpn10 and Rpn13 both in the initial binding of polyubiquitinated sub-strate, as well as in the commitment step (14, 15) , which appear to be the crucial event in productive interaction (commitment) between polyubiquitinated substrates and the proteasome (16) . Yet, it is unknown how ubiquitinated proteins associate with the 26S proteasome and whether this binding step necessarily commits the substrate to degradation. Rpn10 and Rpn13 have been proposed to be sufficiently close in proximity to interact with the same polyubiquitin chain and thus to possibly comprise one binding site (17) . Recent localization studies of the 19S subunits demonstrated that Rpn10 and Rpn13 are peripheral and are located on two opposing ends of the 19S lid (18 -20) . These studies suggested that the distance between the two receptors allow binding of single tetra-ubiquitin chain simultaneously by both Rpn10 and Rpn13, supporting a potential synergistic mode of action of the two integral 19S ubiquitin receptors (12) . In light of this synergistic effect on polyubiquitin binding, we set out to evaluate the ubiquitin receptors incorporation into double-capped (DC) proteasomes. Table 1 for more details.
EXPERIMENTAL PROCEDURES

Haploid and Diploid Yeast Strain Used in This Study-See
Proteasome Purification and Activity-Yeast proteasome purifications were performed from the relevant strains as described previously (21) ; briefly, yeast cells were disrupted by glass beads in MS buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl 2 , 1 mM ATP, 10% glycerol) and absorbed to homemade epoxy conjugated IgG beads (Bio-Rad). Where applicable, proteasome release from the matrix was performed by addition of TEV protease. Mammalian proteasome purifications and velocity gradients were performed as described previously (22) ; briefly, cells were lysed in TNH buffer (20 mM Hepes, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1.5 mM MgCl 2 , 1% Triton X-100, 2 mM ATP, 1 mM DTT), and cellular lysate was subjected to the indicated immunopurification or immunoblot. Where indicated, velcade (10 M, 60 min) or cyclohexamide (100 g/ml) were added. Expression vectors encoding GFP and GST fusions to PSMD14 were described previously (22) . S5a and Rpn13 fusions were constructed by standard molecular biology procedures and expressed from pCDNA3.1 vectors, and fusion proteins were expressed as N terminus (S5a) or C terminus (Rpn13). Transient transfections into 293 cells were performed using a calcium phosphate procedure. The various PA28 isoforms were subcloned as C terminus-tagged proteins into the pCDNA3.1 plasmid and expressed transiently in 293 cells. For PA28 experiments, cells were lysed in buffer B (25 mM Tris, pH 7.5, 5 mM MgCl 2 , 0.2% Nonidet P-40, 2 mM ATP, and 1 mM DTT). PSMD14 and Rpn13 proteasome symmetry evaluations were performed from high molecular weight proteasomal glycerol velocity gradient fractions. Immunopurifications of proteasomes was performed by PSMA1 or by specific epitope tag antibodies as indicated.
Proteasomal and tag antibody source were as follows. Mammalian proteasomes used were: PSMA1 hybridoma (22) , Rpn13 (Bethyl and rabbit polyclonal), PSMD14 (rat polyclonal), P97 loading control (rabbit polyclonal). Yeast proteasomal subunits were Rpt subunits (Biomol), Rpn10 and Rpn11 (rat polyclonal), Pre3 (Biomol), and actin-loading control (Biomol). The sources for tagged epitope antibodies were FLAG (M2 sigma), HA (12CA5), GST (rabbit polyclonal), and GFP (rat monoclonal).
Determining the Molecular Ratios of Rpn10 and Rpn13 in the DC 26S Proteasome and the Intact 19S Particle by AQUA Peptide Standards-AQUA peptides were selected based on the criteria outlined by Gerber et al. (23) , tested, and found suitable for accurate MS quantification. The following peptides were synthesized by Sigma and served in the MS analysis in yeast: FATLGIDPPK( 13 C 15 N 15 ) for Rpt1; IFALVFSSNE(R 13 C 15 N) for Rpn13; VLSTFTAEFG(K 13 C 15 N) for Rpn10. For MS analysis from 293 cells, the following peptides were used: ALDEGDIALL(K 13 C 15 N) for Rpt1; VAHLAL(K 13 C 15 N) for S5a; GDVEAFA(K 13 C 15 N) for Rpn13.
MS Quantification using AQUA Peptides-Proteasomes from HEK293 cells were affinity-purified by a PSMA1 immunopurification and released from the IgG beads through a competitive peptide elution. Affinity-purified 26S proteasome and 19S complexes from yeast were released from the IgG beads through TEV digestion and separated on 5-10% gradient native gel. Following electrophoresis and staining, the protein bands corresponding to the 26S proteasome and the intact 19S complex were excised and extensively washed with MiliQ water. The proteins in the gel were reduced (3 mM DTT, 10 mM ammonium bicarbonate, and 10% acetonitrile), modified with 12 mM iodoacetamide in the same buffer, and trypsinized (modified trypsin (Promega)) at a 1:10 enzyme-to-substrate ratio. Following initial calibration, 50 (for mammalian) or 300 (for yeast) fmol of each AQUA peptide were spiked into the mixture of the resulting tryptic peptides. The mixture was resolved by reversed phase chromatography on 0.075 X 200-mm fused silica capillaries (J&W Scientific) packed with Reprosil reversed phase material (Dr. Maisch, GmbH, Germany). Peptides were eluted with 65-min linear gradients of 5 to 45% followed by 15 min of 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.25 l/min. Mass spectrometry was performed by an ion-trap mass spectrometer (OrbitrapXP, Thermo) in a positive mode using, repetitively, full MS scans followed by multistage activation collision induces dissociation of the seven most dominant ions selected from the first MS scan. The mass spectrometry data were analyzed using the Sequest software (version 3.31, Thermo-Fisher) searching against the yeast or human section of the UniProt database. The peak area of the AQUA peptides and the corresponding sample peptides were calculated using ICIS with mass tolerance of 0.005 Da. Each of the AQUA experiments was repeated at least three times with two additional concentrations of the AQUA peptides giving rise to similar results.
RESULTS
The Ubiquitin Receptor Rpn10 Is Present on Both Ends of Doubly Capped 26S
Proteasomes-Previous studies raised the possibility that in each DC 26S complex, only one of the 19S regulatory particles has an integral Rpn10 subunit (24, 25) . This is an attractive possibility, as it may provide the basis for preventing concomitant processing of substrate by two 19S particles in the DC 26S proteasome. To directly evaluate this possibility, we took advantage of the fact that yeast can be maintained in haploid or diploid life cycles. The rationale guid-ing this experiment was to generate a diploid yeast strain expressing two distinct versions of Rpn10 (owing to specific epitopes and differential MW). If each 26S proteasome contains only one Rpn10, a 26S complex purified through a tag unique to one of the expressed variants of Rpn10, would not contain the other version of Rpn10. In contrast, if 26S proteasomes include an Rpn10 subunit in each of the two decorating 19S regulatory particles, the purified proteasomes should contain both versions of Rpn10. As a control, we generated a diploid strain expressing two differentially tagged versions of Rpn11 (Rpn11-TEV-ProA and Rpn11-HA; Table 1 ). Rpn11 is an essential subunit that is presumed to be present in both 19S complexes decorating the same 20S particle. Purifying 26S complexes via the ProA tag of Rpn11 gave rise to a uniformly catalytic particle proteasome as judged by EM and native gels (data not shown). Upon ProA proteasome purification from the Rpn11 diploid strain harboring both Rpn11 tags, an HA-tagged Rpn11 was present, suggesting a 2:1 molar ratio between the tagged subunits (Rpn11) and the 26S particle, thereby demonstrating the validity of this approach (Fig. 1A ). We constructed an Rpn11-TEV-ProA diploid strain harboring only one genomic copy of HA-tagged Rpn10, whereas the other Rpn10 copy was untagged ( Table 1 ). 26S proteasomes from the above strain were affinity-purified on IgG beads, released from the matrix by TEV protease and then immunopurified with an HA antibody. As shown in Fig. 1B , comparable amounts of untagged and HA-tagged versions of Rpn10 were detected in the HA pulldown, thus demonstrating the occupancy of two Rpn10 molecules in a DC 26S proteasome.
To test the universality of these findings, we transversed to mammalian cells and simultaneously expressed two tagged versions of S5a, the mammalian homologue of Rpn10. We expressed in 293 cells both GST-S5a and GFP-S5a, and as a control, we also expressed two differentially tagged versions of PSMD14 (an ortholog of the yeast Rpn11 subunit). As seen in Fig. 1C , GST N-terminal tagging of either PSMD14 or S5a did not perturb association with the proteasome (note the reactivity of the PSMA1 immunoblot). Co-expression of doubletagged PSMD14 or S5a, followed by glutathione affinity purification, indicated the presence of both tagged proteins in the same DC 26S particle. This is noted by the GFP-tagged version of S5a or PSMD14 being detected in the purified 26S complex (Fig. 1D, lanes 2 and 5) , suggesting a 2:1 molar ratio between the tagged subunits and the 20S particle. Due to the similar MW of GFP and GST, we were unable to distinguish between both tagged forms upon co-expression in an S5a immunoblot (data not shown). These findings further support the results obtained in yeast, we thus conclude that each of the two 19S regulatory complexes decorating a 20S catalytic particle may contain a copy of Rpn10 both in yeast and in mammals.
The Presence of a Single Copy of Rpn13 Enforces an a Priori Asymmetry to the 26S Complex-Our findings with Rpn10 support a model in which the 26S proteasome is symmetric (at least prior to substrate binding) with no preferred side for engaging polyubiquitinated substrates or release of the degradation products. Yet, the 19S contains an additional subunit (Rpn13) that was implicated in polyubiquitin binding (12, 13) . To directly assess the occupancy of Rpn13 in the two 19S regulatory complexes of a single 26S proteasome, we utilized the same experimental scheme used to evaluate ratios of Rpn10/ S5a and Rpn11/PSMD14 (Fig. 2 ). To this end, we constructed a diploid strain harboring one genomic copy of 3ϫHA-tagged Rpn13, as well as a genomic copy of the untagged Rpn13. In addition, one of the genomic copies of Rpn11 was fused to a protein A domain (Rpn11-TEV-ProA) ( Fig. 2A and Table 1 ). Cell extracts from this diploid strain were used to affinity purify 26S proteasomes on IgG beads. The 26S particles were released from the matrix by TEV protease and then subjected to HA affinity purifications. As shown in Fig. 2A , only the HA-tagged version of Rpn13 was detected at the end of the double affinity purification procedure. This Rpn13 subunit was integrated in the 26S proteasome as evident from the Rpn10 and Pre3 immunoblots ( Fig. 2A ). Furthermore, as seen in Fig. 2A , Western blot analysis of IgG purified proteasomes demonstrate the presence of HA-tagged and untagged versions of Rpn13 in a 1:1.2 ratio, thereby eliminating the possibility of a bias preference of the HA-Rpn13 to incorporate into proteasomes.
To test the universality of these findings, we evaluated the situation in mammalian cells and expressed a FLAG-tagged Rpn13 that could be discriminated based on its higher MW from the endogenous Rpn13. Total cell lysates indicate the higher level of Rpn13 expression upon overexpression of Rpn13-Flag (Fig. 2B, left) , thus excluding the possibility of Rpn13 levels being a limiting factor in particle integration. Cell lysates were fractionated on a glycerol gradient and high molec- 
Genotypes of the diploid and haploid yeast and their parental strains
Strains were validated by PCR and the ability to grow on the indicated relevant selective media. When possible, expression of introduce epitopes was verified by immunoblot.
Strain number
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JOURNAL OF BIOLOGICAL CHEMISTRY 5611 ular weight proteasome containing fractions ( Fig. 2B , fractions 10 -14) were evaluated toward their Rpn13 content. As shown in Fig. 2B (right panel) , equal expression and distribution are seen between the endogenous and exogenous expressed Rpn13 in the HMW fractions. We then performed a proteasome purification (PSMA1 IP) from both transfected and untransfected cells and revealed that upon transfection, both Rpn13 versions could be detected (with a bias toward the untagged Rpn13; Fig.  2C, lane 2) . Despite this bias, when we performed a FLAG affinity purification from the transfected cells, we did not detect any endogenous untagged Rpn13 present in our purified material, implying that 26S proteasomes contain only one copy of Rpn13 unlike S5a or PSMD14. Notably, Rpn13 genomic tagging (yeast) or ectopic expression (mammals) did not alter the amount of double-tagged proteasomes as evaluated by native gel (data not shown). Taken together, our findings suggest that only a single copy of Rpn13 is present in a 26S complex, conferring an inherent asymmetry on the majority of the 26S proteasome population, a feature conserved from yeast to mammals.
AQUA-MS Analysis of Rpn10 and Rpn13 Molar Ratio in the Intact 26S and 19S Complexes-The analysis of Rpn10 and
Rpn13 occupancy in a DC 26S proteasome presented above has two drawbacks. First, as the two tagged experiments are only qualitative, we cannot deduce what portion of the double capped 26S proteasome contains two Rpn10 subunits. Moreover, even semi-quantitative estimates relaying on the intensity of immunoblot is not possible as several of our experiment relay on different antibodies ( Figs. 1 and 2) . Thus, our findings merely demonstrate that a population of proteasomes decorated with two copies of the ubiquitin receptor Rpn10/S5a, exist. Yet, these findings could not exclude the possibility that a major portion of the 26S proteasomes are decorated with only one Rpn10 subunit and some might be missing Rpn10 altogether. Similarly, the biochemical analysis of the occupancy Rpn13 molecules in 26S proteasome can only suggest that when present, only one copy of Rpn13 could be found in a 26S complex. Again, no quantitative information on the amount of 26S complexes that do not contain Rpn13 (if existent) can be obtained. An additional possible limitation of our analysis has (Table 1 ). The 26S particles were released from the matrix by TEV protease and were then incubated with agarose beads decorated with HA antibodies. The immunoprecipitate was subjected to Western blot analysis using anti Rpn10, HA, and Rpt2 antibodies. Both wild-type and 3ϫHA-tagged Rpn10 were detected indicating that the two Rpn10 versions are present at least in some of the 26S proteasomes. Co-precipitation of other proteasomal subunits was confirmed by the detection of Rpt2. C, 293 cells were transfected with the indicated expression plasmids and subjected to glutathione affinity purification. Proteasomal purification by the GSH matrix was evaluated by immunoblots toward PSMA1. D, 293 cells were transfected with the indicated expression plasmids, and cell lysates were fractionated by velocity gradient centrifugation. Proteasome-containing fractions were pooled and subjected to glutathione affinity purification. Existence of doubly bound PSMD14 and S5a proteasome complexes was determined by a GFP immunoblot.
to do with the introduction of tags (HA, FLAG, GST, or GFP) to the subunits of interest (Rpn10/S5a, Rpn11/PSMD14, and Rpn13). Although we demonstrate that these tags have no detectable effect on the integrity, assembly, and preferential integration toward tagged or untagged versions of Rpn10/S5a and Rpn13 (Figs. 1 and 2 ), we could not exclude possible effects of the tags that may have escaped our analysis. To overcome these limitations and obtain direct quantitative measurements of the diversity in occupancy of Rpn10/S5a and Rpn13 in the 26S proteasome, we utilized AQUA peptide MS analysis that allows direct quantification of proteins in a given sample (23, 26) . We thus set to determine the actual occupancy of Rpn10/ S5a and Rpn13 in the 26S and 19S purified samples ( Figs. 1 and  2) utilizing AQUA peptides corresponding to Rpn10/S5a, Rpn13, and Rpt1. Rpt1 (one of the 19S ATPases) must be present in a molecular ratio of 2:1 in the double-capped 26S proteasome (and 1:1 in the intact 19S complex) as an essential 19S subunit and thus served as a standard for 2:1 molar ratio occupancy (two subunits for one DC 26 complex) in this assay. As seen in Fig. 3 , the amount of Rpn10 and Rpt1 was equal, whereas that of Rpn13 was half that of Rpn10, suggesting that indeed most DC 26S proteasomes contain only a single copy of Rpn13. Similarly, only half of the intact 19S particles contained this subunit. Notably, AQUA MS evaluation of the same subunits in the mammalian 26S proteasome revealed similar ratios between the various subunits ( Fig. 4) . Our ability to purify homogenous 26S proteasome suggests that our AQUA-MS analysis truly represents the content of these complexes. Taken together with our biochemical analysis, we conclude that each of the two 19S particles decorating a DC 26S proteasome contains an Rpn10 ubiquitin receptor, and only one of these 19S regulatory particles contains the Rpn13 ubiquitin receptor, enforcing asymmetry on the DC 26 proteasome at least in its capacity to bind polyubiquitinated targets.
Rpn13 Presence in a Designated Ingress 19S Cap-Asymmetry of a DC proteasome may imply that an incoming substrate is preferably designated toward one side of the proteasome rather (Table 1 ). The 26S particles were released from the matrix by TEV protease and were then subjected to a HA affinity purification. Affinity-purified content was revealed using anti Rpn13, HA, Rpn10, and Pre3 antibodies. Only the 3ϫHA-tagged Rpn13 was detected, indicating presence of a single copy of Rpn13 in a 26S proteasomes. Co-precipitation of other proteasomal subunits was confirmed by the detection of Rpn10 and Pre3. An asterisk indicates a nonspecific band. B, cell lysates from the indicated cells directly evaluated toward the total Rpn13 and P97 content (left panel). The indicated lysates were fractionated on a glycerol gradient and split into 14 equal fractions and Rpn13 content in the HMW fractions was evaluated by an Rpn13 immunoblot detecting both the endogenous and exogenous Rpn13 forms (right panel). C, proteasomal fractions (fractions 10 -14) from B were subjected to a PSMA1 or a FLAG affinity purification as indicated. Note that although the PSMA1 purification from the transfected cells had a higher endogenous Rpn13 content, this isoform was completely absent from the FLAG purification. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9
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JOURNAL OF BIOLOGICAL CHEMISTRY 5613 than the other. Other than the 19S, one of the most intensively studied activators of the proteasome is PA28␣␤ ( (27); also known as REG or the 11S regulator), a heteroheptameric complex of 28-kDa subunits. PA28 binds to the 20S proteasome, but in contrast to the 19S, PA28 lacks ATPase activity and the ability to bind ubiquitin conjugates. It has been proposed that PA28 could facilitate the exit of peptide products from chimeric 19S-20S-PA28 proteasomes by providing an exit channel, thus providing directionality (28, 29) . In fact the ability of PA28 to dilate the 20S entry port was demonstrated through structural studies of its homoheptameric homolog from trypanosomes, PA26 (29) . To determine whether the Rpn13 containing cap functions as ingress versus egress cap, we took advantage of the fact that PA28 forms hybrid proteasomes (PA28 -20S-19S) in vivo (30) , reasoning that such a hybrid proteasome could only support ingress of a polyubiquitinated substrate from the ATPase containing cap, as the PA28 cap could not support unfolding of an incoming globular substrate (31) . We ectopically expressed in mammalian cells PA28 ␣ and ␤ subunits and monitored the presence of Rpn13 in the in vivo assembled PA28 -20S-19S hybrid proteasome. As noted in Fig. 5 , upon purification of PA28␣, both 20S components (PSMA1) and 19S components (PSMD14 and Rpn13) could be detected, indicating that the Rpn13 ubiquitin receptor resides within an ingress designated cap. Although this conclusion may seem obvious, it is noteworthy that in a DC 26S proteasome, a designated egress 19S cap also contains the additional ubiquitin receptor (Rpn10/S5a). As recently reported (32) , this result may imply importance of structural non-ubiquitin binding related features of Rpn10/S5a in the 19S complex.
DISCUSSION
Our homogeneous proteasome purification enabled us to obtain quantitative data on double-capped 26S proteasomes. Although recent 26S EM structures have revealed the relative positioning of the various proteasome subunits (18 -20) , they did not address the quantitative aspects that may play a critical role in determination of substrate processing by the 26S proteasome. In fact, careful examination of previous data presenting proteasomal subunit staining from yeast (see Ref. 20 and supplemental Fig. S2 therein) , indicate a sub-stoichiometric occupancy of Rpn13. Our purification of double-capped proteasomes from yeast and mammals indicate the existence of two Rpn11/PSMD14 as well as two Rpn10/S5a subunits in a DC proteasome (Fig. 1) . These results further confirm a recent conclusion regarding S5a stoichiometry (33) , whereas data raised the possibility of a non-stoichiometric amount of S5a in the proteasome (24, 25) . Using the same methodology, we were unable to detect the presence of two Rpn13 copies in a DC proteasome, both in yeast and in mammals (Fig. 2) . Furthermore, the mammalian integration of the FLAG-Rpn13 was biased against its incorporation compared with the endogenous isoform (Fig. 2C ); yet no endogenous Rpn13 could be detected in our proteasomes purified by FLAG-Rpn13 (Fig.  2C) . Although our biochemical data indicate the qualitative aspects regarding the ability of Rpn13 to bind proteasomes in a non-symmetric form, our AQUA peptide MS data confirm these results in a quantitative manner ( Figs. 3 and 4) . Thus, not only is Rpn13 found only in one side of a DC proteasome, it is found in this manner in the majority of the proteasome population.
Interestingly, a recent report using a high resolution EM analysis detected polyubiquitinated substrates on both ends of an in vitro-assembled DC proteasome (34); however, this result was obtained with proteasomes that lack the asymmetrical Rpn13 subunit. In several cases, proteasomal engagement has been demonstrated not to be the rate-limiting factor in substrate turnover (14, 35) ; therefore, there is no kinetic disadvantage in acquiring only one high affinity polyubiquitin binding 19S RP in a DC proteasome. Directional processing by the DC 26S proteasome would be advantageous if the generated peptides require 20S ring dilation to exit the 20S chamber. In this manner, directionality in a DC proteasome would ensure efficient peptide release and ensure processivity in the turnover of substrates.
Recent findings demonstrated that Rpn10 and Rpn13 both contribute to the high-affinity binding and processing of the polyubiquitin chain (K a was reduced 2-fold upon inactivation of either receptor (14)). Taken together, these findings support the notion that synergy of both ubiquitin receptors on the same 19S cap, will favor this side of the double-capped proteasome, as the ingress cap. It is tempting to hypothesize that once substrate engage with the "ingress cap" a cooperative structural transition is transduced to the opposing cap to further diminish its capacity to recruit an additional substrate, thereby preventing simultaneous processing of substrate by both 19S capes. The a priori lack of symmetry found in the double-capped proteasome (Fig. 2) is not due to quantitative limitations, as overexpression of Rpn13-FLAG increased by several folds the total protein level without reducing endogenous Rpn13 levels ( Fig.  2B ) and enabled integration of both Rpn13 isoforms to proteasomal 19S RP (Fig. 2C) . The existence of a sensing mechanism is an attractive possibility as it provides an additional layer of regulation in preventing simultaneous engagement of both caps 19S (B) samples. The 26S and 19S particles were excised from native gels, trypsinized, spiked with 300 fmol of the indicated AQUA peptides, separated on reversed phase chromatography, and analyzed by tandem mass spectrometry. C, amounts in fmol of AQUA peptide corresponding to Rpt1, Rpn10, and Rpn13 illustrating ratios of 2:2:1, respectively. The known concentration of each AQUA peptide was spiked into the mixture of the proteasome tryptic peptides. The peak area of the AQUA peptide and the corresponding sample peptide were calculated using ICIS with mass tolerance of 0.005 Da and the ratio between them was determined. The unknown concentration of the sample protein was calculated using this ratio and the known concentration of the AQUA peptide. The AQUA experiment was repeated least three times with two additional concentrations of the AQUA peptides giving rise to similar results. Note the 1:2:2 ratio of Rpn13/Rpt1/Rpn10 in both the DC 26S proteasomes and the intact 19S complexes. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 with substrates. The presence of a sensing mechanism in addition to the asymmetric distribution of Rpn13 may also enable cooperative sensing between the proteasome active sites and the 20S-19S interface as reported previously (36, 37) and may also facilitate correct matching of RP to specific catalytic parti-cle (data not shown). The molecular details of such regulatory mechanisms remain to be resolved.
Asymmetry Defines Proteasomal Directionality
Although lack of Rpn13 symmetry affects ubiquitin affinity to the 19S cap, it also directly implies differences in deubiquitinating enzyme capacity as UCH37 binding to the 19S cap is Rpn13-dependent (38, 39) . Moreover, structural data suggest possible role for Rpn13 in Ubp6 function in the 19S cap (20) (data not shown), 5 raising the possibility for a more complex scenario, in which the occupancy of Rpn13/UCH37 and Ubp6/ Usp14 is coordinated. Thus, lack of Rpn13 has wide implications regarding polyubiquitin processing by the proteasome (binding and de-ubiquitination) and may be subject for further regulation. . Rpn13 co-immunoprecipitates with hybrid proteasome containing the PA28 complex. 293 cells were transiently transfected with the indicated expression plasmids. Total cellular content was revealed directly (lanes 4 -6; input) or were subjected to a FLAG affinity purification (lanes 1-3) . PA28␣-FLAG served as a positive control for the ability to purify hybrid proteasomes as indicated by the presence of 20S (PSMA1) and 19S (PSMD14) subunits. PA28␤-HA served as a negative control for the FLAG immunoprecipitation when expressed without PA28␣. An asterisk indicates a nonspecific band.
